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INTRODUCTION
An investigation w a s u n d e r t a k e n to evaluate the p e r f o r m a n c e c h a ra c t e r i s t i c s of a prototype f u e l e l e m e n t supplied by the A l l i s -C h a l m e r s Manufacturing Company f o r the f i r s t c o r e loading of the E l k R i v e r R e a c t o r a t Elk R i v e r , Minnesota.
EBWR.
The i r r a d i a t i o n p r o g r a m w a s c a r r i e d out in. the
The fuel e l e m e n t a s s e m b l y c o n s i s t e d of 2 5 f u e l r o d s in a f i v e -b y -f i v e E a c h r o d contained T h 0 2 -U 0 2 f u e l in a n AIS1 Type 304 s t a i n l e s s s t e e l a r r a y . tube with a n i n s i d e d i a m e t e r of 0.4125 in. t 0.0015 in. -0.0000 in,, a wall t h i c k n e s s of 0.0200 in.
0.0025 in., and a n outside d i a m e t e r of 0,4525 in.
The f u e l w a s a m i x t u r e of 97 w/o Tho,-3 w/o UO, c o m p r e s s e d and s i n t e r e d t o 947'0 of t h e o r e t i c a l d e n s i t y in the f o r m of p e l l e t s , 0.4075 d i a m e t e r by y in. long.
tween the p e l l e t s and the tube wall w a s f i l l e d with h e l i u m a t one a t m o s p h e r e p r e s s u r e . The r o d s w e r e welded c l o s e d at e a c h end, leaving a 1-in. long g a s s p a c e . The r o d s w e r e held rigidly at the midplane of the e l e m e n t by s t a i n l e s s s t e e l s t r a p s , b r a z e d to e a c h r o d and spot welded to e a c h o t h e r . They w e r e held s e m i r i g i d l y in the end fittings by c o m p r e s s i o n s p r i n g s a t the e n d s of e a c h rod. The prototype e l e m e n t had EBWR-type end fittings so t h a t it could b e i n s e r t e d into the c o r e of that r e a c t o r . The fuel. e l e m e n t a s s e m b l y i s shown b e f o r e i r r a d i a t i o n in F i g , 1 .
0.002 in, in The annulus b e -
1
The u r a n i u m w a s fully e n r i c h e d . along the length of the rod; and
.
a qualitative m e a s u r e m e n t of the s q u a r e n e s s of the r o d bundle a t the c e n t e r s t r a p a s t h e a s s e m b l y l a y f l a t on e a c h f a c e .
The positions at which the width and d i a m e t e r m e a s u r e m e n t s w e r e m a d e a r e shown in F i g . 2 .
ASSEMBLY WIOTH
. P o s i t i o n s at w h i c h a s s e m b l y widths and rod d i a m e t e r s w e r e m e a s u r e d T h e s q u a r e n e s s of the r o d bundle w a s m e a s u r e d by d e t e r m i n i n g the h o r i z o n t a l shift f r o m the v e r t i c a l a s s u m e d by any f a c e a s m e a s u r e d a g a i n s t the c o r n e r r o d s in that f a c e . c o r n e r r o d s , and the h o r i z o n t a l d i s t a n c e between the v e r t i c a l s u r f a c e and the deviating c o r n e r r o d w a s m e a s u r e d with a c e n t i m e t e r s c a l e .
A v e r t i c a l s u r f a c e w a s p l a c e d a g a i n s t the Rods 12 and 23 w e r e bowed inward t o w a r d the c e n t r a l a x i s of the e l e m e n t . The bowing w a s g e n e r a l l y midway between the c e n t e r s t r a p and the end f i t t i n g s , and w a s probably c a u s e d by the m e t a l s t r a p s u s e d to hold the e l e m e n t on its shipping pallet. coded i n t e r n a l rod w e r e bowed.
In addition, r o d s 35, 36, 3 7 , and one un-
IRRADIATION HISTORY
T h e a s s e m b l y w a s i n s e r t e d into the EBWR on D e c e m b e r 11, 1958, in c o r e position 72-43, with f a c e n u m b e r f o u r t o w a r d the c e n t e r of the r ea c t o r . On A p r i l 6 , 1959, it w a s t r a n s f e r r e d to position 23-82.
e l e m e n t o r i e n t a t i o n in t h i s position w a s not known. flux p l o t s f o r the c o r e , it w a s e s t i m a t e d that the a v e r a g e u n p e r t u r b e d t h e r m a l n e u t r o n flux w a s 4.6 x 10l2 n / ( c m 2 ) ( s e c ) and a m a x i m u m of 8.0 x 1 0 l 2 n / ( c m 2 ) ( s e c ) . The m a x i m u m cladding s u r f a c e h e a t flux w a s e s t i m a t e d at 85,000 BTU/(hr)(ft'). T h e i n t e g r a l / . : The f u e l B a s e d on a v a i l a b l e J u l y 31, 1959. 9 0 d a y s , during which t i m e the r e a c t o r w a s a t a n a v e r a g e power of 2 0 Mw.
The e l e m e n t w a s in the c o r e f o r a n i r r a d i a t i o n p e r i o d of 
F u e l e l e m e n t a f t e r i r r a d i a t i o n in the EBWR. C u t e r r o d s in the f o r e g r o u n d w e r e bowed p r i o r t o i r r a d i a t i o n .
I
1 F u r t h e r examination showed that one r o d had a shallow ;-in. d i a me t e r dent about 8 in. f r o m the t o p oi the rod. T h e dent i s of u n d e t e r m i n e d o r i g i n . line about the length of a single p e l l e t . w a s f i r s t s e e n . i m p e r f e c t i o n in the s t a i n l e s s tube. i s shown in F i g . 5 .
Another r o d , n u m b e r 36, w a s s e e n to have a n i r r e g u l a r longitudinal T h e c e n t e r s t r a p s w e r e fully intact a f t e r i r r a d i a t i o n , although it a p p e a r e d t h a t e x c e s s b r a z i n g m a t e r i a l had been l e a c h e d out f r o m between c r e v i c e s in the s t r a p , a s shown in F i g . 6 . The b r a z i n g m a t e r i a l w a s The end c l o s u r e welds w e r e not visibly affected during 26493 F i g . 6 . A r e a of c e n t e r s t r a p showing loss of exposed b r a z i n g m a t e r i a l in c r e v i c e . C o n s i d e r a b l e "banding" of the r o d s w a s evident, a s shown in F i g . 7 . T h e s e bands w e r e a p p a r e n t l y c a u s e d by the p r e f e r e n t i a l deposition of oxide film a t a r e a s of highest h e a t flux. w e r e a s wide a s .
;
in. a n d a r e b e l i e v e d to b e c a u s e d by the a b s e n c e of tight v e r t i c a l packing of the f u e l p e l l e t s , t h e r e b y leaving gaps filled with h e l i u m The p r e s e n c e of t h e s e g a p s w a s v e r i f i e d by p r e i r r a d i a t i o n X -r a y photographs supplied by the m a n u f a c t u r e r . The b a n d s w e r e predominantly on the l o w e r half of the a s s e m b l y , which w a s in a r e g i o n of higher flux during i r r a d i ation. The e l e m e n t had a n o v e r a l l pale r u s t c o l o r except a t the e n d fittings, which tended to have a n intermingling of b l u i s h h u e s . T h e film f o r m a t i o n w a s light, h o w e v e r , and no flaking w a s o b s e r v e d .
S o m e s p a c e s b e t w e e n b a n d s a T h e f i r s t n u m b e r d e s i g n a t e s the f a c e . S e e F i g . 2 f o r m e a s u r e m e n t l o c a t i o n s . M i c r o m e t e r a n d m e c h a n i c a l r i n g s t a n d a r r a n g e m e n t u s e d t o m e a s u r e c o r n e r r o d d i a m e t e r .
P h v s i c a l M e a s u r e m e n t s M e a s u r e m e n t s of the a s s e m b l y width a t c o r r e s p o n d i n g position t o the p r e i r r a d i a t i o n m e a s u r e m e n t s w e r e m a d e using the m i c r o m e t e r and
,>. . . " q----26496 F i g . 8. M i c r o m e t e r and m e c h a n i c a l ringstand a r r a n g e m e n t u s e d t o m e a s u r e width of a s s e m b l y m e c h a n i c a l r i n g stand a r r a n g e m e n t shown in F i g . 8. The d i a m e t e r s of e a c h of the f o u r c o r n e r r o d s w e r e m e a s u r e d using a m i c r o m e t e r 45" f r o m the h o r i z o n t a l in the a r r a n g e m e n t shown in F i g . 9 . A c o m p a r i s o n of the p r e and p o s t i r r a d i a t i o n m e a s u r e m e n t s of d i a m e t e r is given in T a b l e 11. r e a d i n g s w a s 0 . 0 0 0 2 i n . , w h e r e a s i t w a s 0.0014 in. in the p o s t i r r a d i a t i o n r e a d i n g s . c o n s i d e r e d significant. T h e r a t h e r l a r g e n u m b e r of negative changes in the r o d d i a m e t e r s m a y b e due t o a n e l l i p t i c a l shape of the r o d s .
in. The r a t h e r l a r g e v a r i a t i o n in the p o s t i r r a d i a t i o n r es u l t s i s a t t r i b u t e d to t h e i n h e r e n t difficulties u n d e r which t h e s e m e a s u r e m e n t s w e r e m a d e and t o the u n c e r t a i n t y of the r e a d i n g s f r o m the position midway between the end welds and the c e n t e r s t r a p (positions B and D indicated in F i g . 2 ) . At t h e s e positions the uns u p p o r t e d r o d s tended to bow inw a r d u n d e r p r e
of r e a d i n g s taken 90" a p a r t of r o d n u m b e r 34 give c r e d e n c e to this p c s s ibil ity .
The a v e r a g e v a r i a t i o n in the p a i r s of p r e i r r a d i a t i o n
A change of 0 . 0 0 2 in. f r o m the p r e i r r a d i a t i o n m e a s u r e m e n t w a s
Two s e t s
A d e t e r m i n a t i o n of the s q u a r e n e s s of the a s s e m b l y w a s m a d e in the s a m e m a n n e r a s the p r e i r r a d i a t i o n m e a s u r e m e n t . A c o m p a r i s o n of the p r e and p o s t i r r a d i a t i o n r e s u l t s i s given i n Table 111 . not cons ide r e d s ignif ic a n t .
The changes w e r e T a b l e I1 The p e l l e t s c a m e f r o m a n a r e a of i n t e r m e d i a t e flux midway between the top weld c l o s u r e and the c e n t e r s t r a p . D i a m e t e r m e a s u r e m e n t s of t h e s e p e l l e t s a r e given in Table IV . 0.002 in.
P R E AND P O S T I R R A D I A T I O N M E A S U R E M E N T S O F C O R N E R ROD D I A M E T E R S P o s i t i o n a
The a s -f a b r i c a t e d d i a m e t e r s w e r e 0.4075 i No significant dimensional changes w e r e m e a s u r e d .
Reading 1 ( i n . ) Table I11 Reading 2a B u r n u p A n a l y s i s
In o r d e r t o d e t e r m i n e the m a x i m u m tmrnup a t t a i n e d by the fuel e l e m e n t , a p o r t i o n of a p e l l e t f r o m a n a r e a of m a x i m u m flux, in Rod 34, w a s t a k e n f o r mass s p e c t r o g r a p h i c a n a l y s i s f o r the u r a n i u m i s o t o p e s . similar a n a l y s i s w a s m a d e on u n i r r a d i a t e d f u e l f r o m the s a m e b a t c h a s t h a t in the i r r a d i a t i o n a s s e m b l y , in T a b l e V .
A
T h e r e s u l t s of t h e s e a n a l y s e s a r e given T a b l e V
P R E AND POSTIRRADIATION MASS S P E C T R O G R A P H I C ANALYSES OF URANIUM ISOTOPES
Two m e t h o d s w e r e u s e d t o c a l c u l a t e the m a x i m u m b u r n u p f r o m the mass s p e c t r o g r a p h i c a n a l y s e s .
gives the f r a c t i o n of total u r a n i u m b u r n u p by e i t h e r of the following equations :
The f i r s t m e t h o d , a f t e r Kittel and P a i n e , ( l )
w h e r e ao, a; b o , b; and c o , c , a r e the p r e and p o s t i r r a d i a t i o n f r a c t i o n s of U234, U235, a n d U236, r e s p e c t i v e l y ; No i s the o r i g i n a l amount of u r a n i u m ; F i s the a m o u n t of U235 f i s s i o n e d ; B i s the total u r a n i u m burnup r a t i o ; and E q . 1 Eq. 2 Eq. 3 Eq. 4 A v e r a g e a i s the r a t i o of c a p t u r e t o f i s s i o n c r o s s s e c t i o n s of U235. a s s u m p t i o n s a r e that the burnup i s due e n t i r e l y t o U235 f i s s i o n s and that f i s s i o n a c c o u n t s f o r a t l e a s t 959'0 of the t o t a l u r a n i u m l o s t . The second m e t h o d , f r o m I D 0 -1 6 6 2 0 , ( 2 ) a l s o g i v e s the f r a c t i o n s of t o t a l u r a n i u m burnup by the following s e t of equations:
w h e r e t h e n o m e n c l a t u r e in t h i s c a s e h a s b e e n changed f r o m the o r i g i n a l r e f e r e n c e t o a g r e e with that shown in equations 1 and 2 . 
Metallography
Rod n u m b e r 34, a c o r n e r r o d , w a s s e c t i o n e d , with a tubing c u t t e r , about 3 in. below the midplane in the r e g i o n of the h i g h e s t flux. s e c t i o n is shown in F i g . 11. with a cladding s u r f a c e h e a t flux of 85,000 BTU/(hr)(ftZ). s e c t i o n a r e in r e l i e f , and l i n e s a p p e a r i n g t o be r a d i a l c r a c k s a r e in m o s t c a s e s b o u n d a r i e s of the r e l i e v e d a r e a s . h e a t -a f f e c t e d z o n e s w e r e o b s e r v e d . 
